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Abstract: Permanent magnet synchronous motors are widely accepted in automotive applications. The high torque density,
high rotational speed with maximum efficiency in electric vehicle applications is technically challenging for motor design.
However, these machines are expensive and difficult to work at high-temperature harsh environment due to permanent magnets
demagnetisation features. Alternatively, switched reluctance motors can provide similar output characteristics and a wider
speed. Thus these are considered to be more fault tolerant and more reliable. This study proposes a 20 kW, three-phase
switched reluctance motor and analyse its overall performance and harmonic contents. The study is conducted by optimising
the slot filling factor, excitation voltage and switching sequence of an asymmetrical half bridge converter. A finite element model
is used to predict the core and copper losses and other influencing parameters. Simulation results are presented and analysed
the effectiveness of the proposed switched reluctance motor (SRM).
1 Introduction
Currently transport related air pollution is a severe matter of
concern, particularly in populated urban areas, such as, Beijing,
Karachi, Ankara, and Mexico. In general 25% of worldwide CO2
emanations are due to transportation. In addition to CO2, SOx, and
NOx are also produced [1]. A breakdown of global CO2 emissions
from fossil fuel is shown in Fig. 1. It is predicted that the energy
consumed by transport system could be doubled by 2050 [5, 6]. In
the meantime, the total CO2 emissions are expected to reduce to
half. In order to meet this challenge, significant use of electrified
vehicles is needed to replace conventional internal combustion-
engine-based vehicles. It is essential to develop low-carbon
technologies and to establish a low-carbo economy. In this method,
electric vehicles have turned into the key authentic and logical
research around the globe in the 21st century. The development of
electric vehicle (EV) and the power transfer process is shown in
Figs. 2a and b. The most widely used electric motor for traction
application is the permanent magnet synchronous motors (PMSMs)
[8]. This is because of the reality that permanent magnet enables
these motors to achieve high torque densities which actually makes
this machine very small [9, 10]. On the other hand, the inclusion of
uncommon rare-earth material in permanent magnets which is very
costly and whose extraction and refining are related to non-
immaterial ozone depleting substance outflows [9]. In this manner,
electric machines without rare earth materials exhibit an expanding
interest to reach and accomplish comparable performance of
different machines. Among the distinctive existing magnet free
machines, there is much interest in switched reluctance motor for
the propulsion of electric and hybrid electric vehicles due to rugged
construction and simple design with the capability to operate in
hazard free environment at very high speed [11–13]. The
electromagnetic modelling offers the enhancement that possibly
lead to more anticipated output characteristics such as flux linkage,
output torque, speed, power loss and flux density can be evaluated.
Since the optimised design of electrical machines are determinant
factors, several methods of switched reluctance motor (SRMs)
design and operation could be found in the reference. An
investigation of finding faults through current harmonics has been
presented in [14]. The production of current harmonics with
instantaneous torque equation has been predicted in [15]. The 12/8
segmented rotor type SRM for vehicle cooling application is
presented in [16]. For enhancing the performance of SRM, the
autotransformer winding method for each phase has been
considered in [17]. The reduction of vibration and acoustic noise
technique has been presented on the use fast dc, first-, second- and
third-harmonic contents in [18]. The double rotor SRM
configuration has been used in [19, 20] to investigate the
performance, electromagnetic forces and harmonic distortion
characteristics. The harmonic superposition at low computational
cost SRM has been introduced in [21]. An investigation on SRM
drive fed by pulse width modulation is carried out in [22]. A
dynamic model of three-phase 12/8 SRM with adopted variable
angle current chopping control is proposed in [23]. The optimal
number of winding turns and changing shape of the winding slot of
12/8 SRM is presented in [24]. The model of tooth concentrated
winding along with magnetic saturation and its effect on MMF
harmonics and iron losses have been presented in [25]. However,
the main significant harmonic contents and back emf production is
not available theoretically. The author's main approach is to use the
principal of machine design and to analyse the harmonics and back
EMF by the variation of slot filling factor, excitation voltage and
switching sequence and the effects of these changing variables on
the machine performance such as average torque, speed,
Fig. 1  Global CO2 emissions from fossil fuel combustion and some
industrial processes [2–4]
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instantaneous energy, core and copper losses. As these analyses can
be the responsible factor for the efficiency improvement of electric
motor. Initially, the 12/8 SRM is designed in the AutoCAD and is
imported into infolytica magnet software and the characteristics of
Torque, speed, flux linkages, current, voltage with power loss
calculations are calculated by finite element method through the
infolytica magnet software, then generated harmonics and back
emf are analysed from the data through fast Fourier transform
(FFT) analysis MATLAB software. This paper has been organised
as follows: In Section 1, detail introduction and research
background of the research with respect to energy scenario issues
are discussed in addition to the development of electric vehicles.
The SRM modelling and its associated equations have been
discussed in Section 2. SRM development including design issues
with various aspects of modelling with essential design
characterisation and simulation results have been discussed in
Section 3. The brief application and future perspective trends have
been discussed in Section 4.
2 SRM modelling
To design the 12/8 SRM, the best possible parameters have been
considered. Thus the strategy has been established on the present
awareness which exists about the operational principals of SRMs
and previous research. The equation can be developed as follows:
Vdc = RaIa + L
di
dt + Eb (1)
The relationship between the source voltage, flux linkage (Ψ) and
the rotor position angle (θ) is
Vdc = RaIa + La
dia
dt +
∂ψa
dθ
dθ
dt
Sincee ψa = LaIa
(2)
Vdc = RaIa + La
dia
dt +
∂La
dθ
dθ
dt (3)
The instantaneous electromagnetic torque produces by (Ta) of the
switched reluctance machine by one phase:
T = 12 i
2∂La
dθ (4)
T − TL = J
dω
dt + Bω (5)
Whereas T represents the electromagnetic torque of the motor and
TL is the torque produced by the load, and ω = (dθ /dt) is the speed
of the motor. The above equations are used to model the SRM.
3 Results and discussions
The 12/8 switched reluctance motor has been simulated with the
specifications shown in Table 1. The stack length of 200 mm have
been maintained to get the sensibly proportioned machine and the
basic switching pattern for high speed has been adopted which
energises the phase-1 at 0, and open at 15°, when overlaps ceases.
This pattern repeats after every 45°. So a periodic sequence to is
ON-0-OFF-15-ON-45 has been adopted throughout the simulation.
The other switches follow the same pattern in sequence with the
delay by 15° at each time successively. The 12/8 SRM model with
mesh view and magnetic flux density of 1.6 Tesla is shown is
Figs. 3a–c. The graph of speed and generated torque is shown is
Fig. 4. Firstly the identical scheme of SR motor, only one switch
with single diode per phase converter topology was adopted but the
results were not up to the mark as per author's satisfaction in
addition to the results there were uncertain oscillating effects in the
machine performance in the middle of (0–500 RPM) which is not
desirable for the electric vehicle application. 
Then further the author tried another configuration and
asymmetric bridge converter topology has been used to drive the
proposed SR motor, it has two switches per phase with two diodes
which is the main advantages due independent and flexible
controlling and favourable for high speed machine operation thus
overlap between adjacent current is possible however compromise
is made between costs due to extra switches and diode per phase.
In order to control the current magnitude the current source of
piecewise liner (PWL) as an input source for excitation winding
has been provided which is shown in Fig. 5. The nonlinear
lamination material Newcore 1000/65 selected for the core the
Fig. 2  The time to time growth and stages of EV
(a) Development of electric vehicles, (b) power transfer process of electric vehicle [7,
8]
 
Table 1 Design specifications of the 12/8 SRM
Parameter Symbol Value Units
stator diameter ds 250 mm
rotor diameter dr 130 mm
air-gap g 0.75 mm
machine length l 200 mm
number of stator poles Ns 20 —
number of rotor poles Nr 8 —
stator pole arc βs 12 o
rotor pole arc βr 22 o
number of phases m 3 —
peak speed nN 2800 rpm
phase voltage Vdc 200 V
number of turns Np 7 turns
shaft diameter dsh 40 mm
rotor yoke thickness yr 23.6 mm
stator yoke thickness ys 15.8 mm
rotor pole length lr 10.9 mm
stator pole length ls 44.7 mm
rotor pole width tr 25.6 mm
stator pole width ts 23.6 mm
average torque Tav 64.9 Nm
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graph of magnetic permeability of Newcore (1000/65) and the
losses are shown in Figs. 6a and b. The transient simulation with
the number of turns and cross sectional area of turn to get the
sensible results of 200, 150, 100 and 50 turns with (3.84–6.2) mm2
which is intended to represent 40, 50 and 60% slot filling factor
(packing) in the slot area as shown in Tables 2 and 3, which depicts
the results of energy, torque, speed, flux linkage, current, voltage
and losses produced by proposed machine. In this test the number
of turns are constant whereas the stranded area of the conductor has
been varied. The load-driven transient simulation carried out at 500
milliseconds, it can be noted that the machine has good starting
torque up to 280 N m but rapidly falls off. The reason is the
inductive leg effect when switches are turned ON and OFF, and the
motor provides the effective average torque from 10 to 50 N m. 
The voltage of coil 1–2, 2–3, and 1–3 area taken for the data
analysis of harmonics and back emf whereas, it is assumed that the
same voltages are flowing in other coils 4,5 and 6. So that is why
the reaming coil's voltage have not been taken into account in this
research paper. The average values of voltage from coil (1–2, 2–3
and 1–3) are exported into excel file to get the back emf voltage
and the same data is imported to MATLAB for harmonic FFT
(FFT) analysis. The graph of harmonics and back emf at changing
filling factor (40–55%) while changing stranded conductor area is
shown is Fig. 7. All the data achieved from simulation results have
been process through same method as mentioned above for
conducting the tests. In the second test, the stranded area has been
kept constant and number of turns are varied Tables 4 and 5 shows
the data of energy, torque, speed, flux linkage, current and voltage
and losses of the machine while changing number of turns. The
harmonic and back emfs produced are shown in Fig. 8. In the third
test excitation voltage are varied while keeping all the parameters
of filling factor at constant values. Tables 6 and 7 shows the data
achieve after simulation of energy, torque, speed, flux linkage,
current, voltage while changing excitation voltage and losses. This
shows that the torque and speed are affected while decreasing
voltage from 200 to 50 and there is also similar effect on flux
Fig. 3  The projected design of
(a) 12/8 SRM model, (b) Mesh view, (c) shows the flux function view with 1.6 T
 
Fig. 4  The simulation results of 12 by 8 SRM
(a) Speed vs time graph and, (b) starting and average torque produced by the 12/8 SRM
 
Fig. 5  Asymmetric bridge converter topology for driving 12/8 SR motor
 
Fig. 6  The graph of New Core 1000/65 material
(a) Power loss (w/kg), and (b) the magnetic permeability
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linkage. Fig. 9, shows the harmonics and back emf graph while
varying excitation voltage. It reflect that there is a direct relation
between harmonics and back emf with excitation voltage so it can
be predicted that, higher the supply excitation voltage then higher
will be the back emf and harmonic produced in the machine. 
The fourth test is carried out at changing excitation switching
sequence. As there are 12 switches, so different switching angles
are provided to it. The following switching angles are provided to
the coils which are described as follows:
coil1, 7 and coil 4, 10 are provide switching angle ON: 0, OFF:
15 and again ON: 45. Coil 2, 8 and coil 5, 11 are provided ON: 9,
OFF: 24 and again ON: 54 coil 3, 9 and coil 6, 12 are provided
ON: 18, OFF: 33 and again ON: 63. It can be seen that in each
phase there is angle difference of 9°, the author has tested the
excitation switching sequence at from 6° to 11° difference. Tables 8
and 9 show the energy, torque, speed, flux linkage, current, voltage
while changing excitation voltage and losses. It has been examined
that the starting torque of the machine remains same and have no
effect on changing the switching sequence whereas the average
torque is improved as the higher degree of difference in switching
angle is given to switches however there is an increasing trend
effect on speed as the angle difference is increased. Fig. 10, shows
the harmonics and back emf graph while varying switching
sequence and it can be finally concluded that the switching angle
directly affecting the harmonics and back emf. The maximum
harmonics up to 29.8% produced at 50% slot filling factor in
between the coil 1 and 2 whereas the maximum back emf is
produced up to 84 V in between the same coil 1 and 2 at 45% slot
filling factor as shown in Figs. 11a and b. 
4 Conclusion
The design of a 12/8 SRM has been presented in the paper. The
design looks into the parameters such as the switching pattern, slot
filling factor and winding excitation voltage. The simulation results
confirmed the good characteristics of SRM particularly back emf
and harmonic contents, as high efficiency is expected to be
Table 2 Energy, torque, speed, flux linkage while changing filling factor and fixing the size
Fill factor, area Energy Torque in, N m Speed in, degree/sec Flux linkage
Inst Co-energy Start Avg Max Avg Max
40%, 3.84 mm 3.8 5.5 132 10 6750 4855 0.06
45%, 3.84 mm 22 58 210 49 121,00 6456 0.17
50%, 3.84 mm 35 98 210 60 15,000 9021 0.15
55%, 3.84 mm 31 77 280 71 17,000 11,740 0.14
 
Table 3 Current, voltage and losses while changing the filling factor by constant turns and varied standard area
Fill factor, area Current Voltage Copper losses Iron loss
40% 3.84 mm 5.18 3.88 104 29.3
45% 3.84mm 30.5 6.5 87.7 31.9
50% 3.84 mm 32.6 27 161 39.6
55% 6.2 mm 19.2 38.3 103 48.2
 
Fig. 7  Harmonics and back emf results with the slot filling factor and the stranded area
 
Table 4 Energy, torque, speed and flux linkage while changing filling factor by constant standard area and varied turns
Fill factor, turns Energy Torque in, N m Speed in, degree/sec Flux linkage
Inst Co-energy Start Avg Max Avg Max
40%, 50 3.8 5.5 132 10.4 6750 4855 0.06
45%, 56 19.7 47.7 275 41.4 16,200 9739 0.135
50%, 62 12 25 270 27 11,000 5200 0.14
55%, 68 11.4 25 255 23 16,500 7993 0.11
 
Table 5 Current, voltage and losses while changing filling factor by constant standard area and varied turns
Fill factor, area Current Voltage Ohmic loss Iron loss
40% 3.84 mm 5.18 3.88 104 29.3
45% 3.84 mm 13 29 74.9 36.7
50% 3.84 mm 10.2 12.7 24.5 32.3
55% 3.84 mm 7.4 13 30.8 26
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Fig. 8  Harmonics and back emf with the filling factor and the number of turns
 
Table 6 Energy, torque, speed and flux linkage while changing excitation voltage
Voltage Energy Torque in, N m Speed in, degree/sec Flux linkage
Inst Co-energy Start Avg Max Avg Max
200 19.7 47 275 41 16,200 9739 0.13
150 8.3 14 198 22 15,200 8608 0.07
100 3.8 5.8 145 9.1 5800 4189 0.07
50 1.9 2.2 55 4.5 3300 2511 0.06
 
Table 7 Current, voltage and losses while changing excitation voltage
Voltage Current Voltage Ohmic loss Iron loss
200 13 29 74 36.7
150 6 8.9 15 19.9
100 4.7 10 4.2 13.7
50 3.1 3.2 1.1 6.6
 
Fig. 9  Harmoinc and back emf graph while varying excitation voltage
 
Table 8 Energy, torque, speed and flux linkage while changing switching sequence
Difference Energy Torque in, N m Speed in, degree/sec Flux linkage
Inst Co-energy Start Avg Max Avg Max
6 7.3 17.7 275 12 7400 5731 2.09
7 9.3 20.4 275 19 9700 6582 6.1
8 16.5 41.7 275 31 16,100 7376 23.9
9 19.7 47.7 275 41 16,200 9739 29
10 10.1 21.9 275 22 15,800 7081 30.8
11 13.8 29.6 275 30 15,400 7633 21.1
 
Table 9 Current, voltage and losses while changing switching sequence
Difference Current Voltage Ohmic loss Iron loss
6 7.7 2.09 25.5 19.9
7 9 6.1 28.1 21.6
8 13.6 23.9 63.9 31.3
9 13 29 74.9 36.7
10 10.8 30.8 28.9 25.3
11 14.2 21.1 35.6 34.4
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achieved through this optimised design and has the great potential
to be used in electric vehicles.
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